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ABSTRACT
We perform two-dimensional axially symmetric radiation-hydrodynamic simulations to assess
the impact of outflows and radiative force feedback from massive protostars by varying when
the protostellar outflow starts, the ratio of ejection to accretion rates, and the strength of the
wide angle disk wind component. The star formation efficiency, i.e. the ratio of final stellar
mass to initial core mass, is dominated by radiative forces and the ratio of outflow to accretion
rates. Increasing this ratio has three effects: First, the protostar grows slower with a lower
luminosity at any given time, lowering radiative feedback. Second, bipolar cavities cleared by
the outflow are larger, further diminishing radiative feedback on disk and core scales. Third,
the higher momentum outflow sweeps up more material from the collapsing envelope, decreasing
the protostar’s potential mass reservoir via entrainment. The star formation efficiency varies
with the ratio of ejection to accretion rates from 50% in the case of very weak outflows to as
low as 20% for very strong outflows. At latitudes between the low density bipolar cavity and
the high density accretion disk, wide angle disk winds remove some of the gas, which otherwise
would be part of the accretion flow onto the disk; varying the strength of these wide angle disk
winds, however, alters the final star formation efficiency by only ±6%. For all cases, the opening
angle of the bipolar outflow cavity remains below 20◦ during early protostellar accretion phases,
increasing rapidly up to 65◦ at the onset of radiation pressure feedback.
Subject headings: accretion, accretion disks — methods: numerical — stars: formation — stars: jets — stars:
massive — stars: winds, outflows
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1. Introduction
Massive stars impact their natal environment via a
variety of feedback effects. To begin with they inject
momentum, mechanical and thermal energy into their
surroundings via protostellar jets and outflows and ra-
diation pressure. The irradiation and heating also mod-
ify the gas’ chemical state, an effect not considered
further here. Later, additional mechanical/thermal in-
put comes from heating due to photo-ejection of elec-
trons from dust, molecular dissociation and ionization,
stellar winds, and supernovae. In this investigation, we
address the feedback effects of the protostellar phases
only, namely protostellar outflows and radiation pres-
sure. The impact of protostellar outflows can be sub-
divided into three components: First, the redirection
of a fraction of the accretion flow into an outflow im-
plies a decrease of the actual stellar accretion rate.
Second, outflows inject outward directed momentum
into the infalling gas and hence counteract the stel-
lar gravitational attraction, resulting in a slow-down
or even reversal of the infall from the pre-stellar core
(entrainment). Third, outflows produce low density
bipolar cavities, which in turn alter the effects of ra-
diation pressure during later phases. In the first article
of this series (Kuiper et al. 2015, hereafter Paper I),
we labeled these components as “mass loss feedback”,
“kinematic feedback”, and “radiative feedback”, re-
spectively.
In Paper I we focussed on the latter of the three pro-
tostellar outflow feedback effects. These previous sim-
ulations used a nominal value of the ratio of ejection to
accretion rates of only 1%, minimizing the effects of
mass loss feedback and kinematic feedback, but allow-
ing us to investigate how protostellar outflows change
the morphology of the stellar environment and how
this affects the efficiency of the later radiative feedback
phase. We found that the low density outflow cavities
initiate a large scale anisotropy of the thermal radiation
field, which extends the so-called flashlight effect from
the disk out into the core. The disk’s flashlight effect
denotes the anisotropy of the thermal radiation field
around a forming star due to the high optical depth
of its accretion disk (Nakano 1989; Yorke & Boden-
heimer 1999; Yorke & Sonnhalter 2002; Kuiper et al.
2010a, 2011). The core’s flashlight effect enables sus-
tained accretion from the core to the disk in an analo-
gous fashion as the disk’s flashlight effect enables sus-
tained accretion from the disk to the star. Further de-
tails on the impact of radiation pressure feedback is
given in Sect. 1.2, where we discuss the current inves-
tigation in the context of our former simulation studies.
Here, we consider the effects of higher mass loss
and vary the ratio of ejection to accretion rates from
1% up to a maximum value of 50%. Additionally, we
explore the broad parameter space of outflow configu-
rations by varying its launching time and the strength
of a large angle disk wind component. Such a nu-
merical study necessarily involves considering a broad
range of parameter space, see Sect. 2 for details.
In general, jets and outflows vary strongly with re-
spect to the ratio of ejection to accretion rates and de-
gree of collimation. First trends of these variations
have been detected, e.g. collimation seems to weaken
with increasing age and stellar mass (Beuther & Shep-
herd 2005). The current theoretical and observational
understanding of jets and outflows does not allow one
to fully trace these parameters back to stellar and/or
environmental properties. Naturally, the launching
physics on the smallest scale is the most difficult to ob-
tain from observations, and the launching picture lacks
of a detailed theoretical description as well. A review
of observational outflow studies with a focus on the
launching physics is given by e.g. Ray et al. (2007).
The recent review by Frank et al. (2014) is structured
along spatial scales of jets and outflows and also in-
cludes a chapter on the launching scales. Other obser-
vational reviews in this context were presented by Arce
et al. (2007) and Bally (2008). For a description of
the theoretical context of jets and outflows from young
stars, we refer the reader to the reviews by Ko¨nigl &
Pudritz (2000) and Pudritz et al. (2007).
1.1. Feedback effects of protostellar outflows
Outflows are considered an important feedback
mechanism which reduces the overall star formation
efficiency, especially on spatial scales from pre-stellar
cores to accretion disks (see e.g. review by Frank et al.
2014, and references therein). Banerjee & Pudritz
(2007) and Hennebelle et al. (2011) followed the col-
lapse of a magnetized pre-stellar core collapse to study
the self-consistent launching of a bipolar outflow from
a forming high mass star, but both studies neglected the
radiative feedback of the protostar. More recent stud-
ies (Wang et al. 2010; Cunningham et al. 2011; Peters
et al. 2014; Federrath et al. 2014; Kuiper et al. 2015)
make use of subgrid modules for protostellar outflow
feedback. Wang et al. (2010) studied the interaction
of outflows and the ambient large scale magnetic field
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in a cluster-formation simulation, which leads to a
kind of self-regulation of the overall collapse in the
sense that higher accretion rates are coupled to higher
feedback efficiencies. In the context of cluster for-
mation, Peters et al. (2014) presented a study of the
combined feedback of multiple low mass outflows as
an alternative explanation for high mass loss rates and
momentum feedback, if the associated protostars are
forming with nearly the same direction of their angular
momentum vectors, e.g. as a consequence of a global
common rotation of the cluster-forming gas. The over-
all reduction of the star formation efficiency due to the
outflows’ kinematic feedback during cluster formation
was presented in Federrath et al. (2014), focussing on
low mass stars as well.
Simulations of higher mass protostars, including
protostellar outflows and radiative feedback were pre-
sented in Cunningham et al. (2011). They report a re-
duction of radiative flux in the equatorial plane perpen-
dicular to the outflow due to the low density outflow
cavities, a finding, which we extended in Paper I to
the super-Eddington regime, including strong radiative
forces by massive protostars. Studies of the combined
effects of protostellar outflows and radiative forces re-
main limited. Here, we expand on our earlier work by
covering the parameter space of outflow injection, in-
cluding different strengths of the total outflow and of a
disk wind.
One of the key aspects of our numerical studies is
the long evolutionary timescales covered by the sim-
ulations. Our simulations are stopped after the total
depletion of the mass reservoir due to feedback; this
process takes up to 10 free-fall times of the original
pre-stellar core. The modeling of the full stellar ac-
cretion and feedback phase allows a quantitative deter-
mination of the overall feedback efficiencies in terms
of total mass loss. By contrast, the numerical simula-
tions cited above cover timescales of about one free-
fall time or less (Banerjee & Pudritz 2007; Cunning-
ham et al. 2011; Peters et al. 2014), up to 2 free-fall
times only in simulations without radiation transport
(Hennebelle et al. 2011; Federrath et al. 2014), and up
to a maximum of 5 free-fall times only in the simula-
tion by Wang et al. (2010).
From an observational perspective of large cluster-
scales, magnetic-field-regulated accretion (e.g. Vlem-
mings et al. 2010) and outflow regulated feedback (e.g.
Nakamura & Li 2014) seem to be likely. Molecular
outflows from protostars may even contribute to the
final mass depletion of the stellar surroundings (see
e.g. Shepherd et al. 2004). On these scales, outflows
may also contribute to the replenishment of turbulence
within the star-forming region (see review by Mac
Low & Klessen 2004, and references therein). How-
ever the importance of this contribution is being ques-
tioned and observations seem to produce contradictory
results (Arce 2011; Drabek-Maunder et al. 2016).
1.2. Outline of our preceding studies
In this section, we embed the simulation series into
(our) preceding simulation studies regarding massive
stars in the super-Eddington regime. Massive stars can
become so luminous that their stellar radiative force
on the directly illuminated surrounding gas and dust
exceeds their gravitational attraction. For spherically
symmetric accretion flows, this feedback causes the
so-called radiation pressure problem in the formation
of massive stars (Kahn 1974; Yorke & Kru¨gel 1977),
which sets a stellar upper mass limit of about 40 M.
Based on the studies by Nakano (1989) and Yorke
& Bodenheimer (1999), it is expected that this radi-
ation pressure problem is reduced in the presence of
anisotropic thermal radiation fields, which are natu-
rally generated by a massive accretion disk forming
around the protostar, also known as the “disk’s flash-
light effect”. In subsequent numerical studies of the
anisotropic radiation pressure in the formation of mas-
sive stars (Yorke & Sonnhalter 2002; Krumholz et al.
2009) the highest mass of the forming protostars was
still limited to M∗ . 43 M, only marginally above
the 1D limit. The formation of massive stars up to
M∗ . 140 M was demonstrated in Kuiper et al.
(2010a), utilizing a more accurate treatment of the ra-
diation transport and higher resolution of the forming
accretion disk. The force analysis of the simulation
data shows that the radiation pressure problem is in-
deed circumvented by the flashlight effect.
Later on, these numerical models were enhanced
from axially symmetric configurations to three-dimen-
sional simulations, investigating the non-axially sym-
metric morphology of the accretion disk and the
radiation-pressure-dominated outflow region (Kuiper
et al. 2011). Self-gravity in the massive accretion disk
generates spiral arms, which transport angular mo-
mentum outward, while gas is transported inward.
A comparison of the resulting accretion with the re-
sults of axially symmetric simulations with different
strengths of the so-called α-shear viscosity, reveals
the self-gravity as a very efficient driver of the disk’s
accretion towards the protostar. The disk accretion
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rates driven by the self-gravity were found to be high
enough to overcome the diminished radiation pressure
in the disk.
Although direct observations of massive accretion
disks at these early stages are extremely difficult,
very recent ALMA observations were able to reveal
Keplerian-like rotation profiles around a high mass O7
star (Johnston et al. 2015).
The inner gaseous disk surrounding a massive pro-
tostar inside the dust sublimation zone further con-
tributes to the disk’s flashlight effect and at the same
time shields the large scale collapsing environment
from the direct stellar irradiation, allowing for sus-
tained envelope-to-disk accretion (Kuiper & Yorke
2013a). These results were obtained by including the
gas opacities from Helling et al. (2000), also used
in the protoplanetary disk models by Semenov et al.
(2003).
We studied the impact that stellar evolution has on
the environment and vice versa in Kuiper & Yorke
(2013b). Whereas on long timescales, this interplay
seems to have only limited consequence on the final
mass, on timescales < 5 kyr, the interplay of stellar
evolution and accretion results in variable accretion
and accretion bursts. More interestingly, different ini-
tial conditions of the cloud collapse yield a broad range
of the protostellar bloating epoch. In the different runs,
the protostar reaches the zero-age main-sequence be-
tween 20 M and 40 M. This point in evolution is
of special interest, because it denotes the beginning of
strong ionization feedback of the forming massive star,
creating an expanding HII region around it.
The reduction of the radiative impact on the disk
accretion flow due to low density outflow cavities has
been studied in both purely static (Krumholz et al.
2005) and hydrodynamic models (Cunningham et al.
2011, Paper I). In Paper I we demonstrate that proto-
stellar outflows can enlarge the anisotropy out to core
scales. This is the basis for what we call the “core’s
flashlight” effect, i.e. the core-scale anisotropy, which
shields large portions of the core from intense thermal
radiation, allowing mass to accrete from the collapsing
envelope onto the accretion disk in an analogous man-
ner to the disk’s flashlight effect, which allows mass
to accrete from the disk onto the (proto)star. With the
present investigation we further elaborate on these pre-
vious studies.
Methodologically, the outcome of radiation hydro-
dynamics simulations in the super-Eddington regime
depends crucially on the accuracy of the method used
to compute the stellar radiative feedback (Kuiper et al.
2012). In the past, most large scale star formation sim-
ulations were limited to the gray flux-limited diffusion
approximation, which generally provides an accurate
estimate of the dust temperature but which yields a
very poor estimate of the radiative force. Recently,
Klassen et al. (2014) introduced an implementation of
the hybrid radiation transport scheme of Kuiper et al.
(2010b) into the adaptive grid code FLASH (Fryxell
et al. 2000; Dubey et al. 2009), Harries (2015) added a
hydrodynamics module for the Monte Carlo radiative
transfer code TORUS, and Buntemeyer et al. (2016)
independently implemented a radiation transport mod-
ule for FLASH using characteristics on the adaptive
grid. First simulations carried out with these tools
(Harries et al. 2014; Klassen et al. 2016) address the
accuracy of radiative forces in the formation of a mas-
sive protostar as discussed in Kuiper et al. (2012) and
confirm these earlier results. Furthermore, the sim-
ulations by Klassen et al. (2016) and Kuiper et al.
(2011) agree in identifying the self-gravity of the mas-
sive accretion disks as a sufficiently strong driver of
angular momentum transport, and hence mass accre-
tion against the diminished radiative force.
2. Parameter space
In this section, we summarize how we have con-
strained the parameter space and reasons for our
choice of parameters. These constraints are, whenever
possible, based on observations of jets and outflows
from massive protostars as well as numerical studies
with respect to their launching and early evolution on
smaller scales. Although we are studying the impact of
jets and outflows from massive stars, knowledge of the
outflow properties from low mass stars might help con-
strain the parameterization of massive star outflows, if
we accept the idea that the outflow physics are funda-
mentally the same (which is not necessarily the case).
Hence, if parameter constraints are only available for
lower mass protostars, we try to extrapolate the mas-
sive star’s parameter constraints from them.
2.1. Ratio of ejection to accretion rates
Although the details are under debate, obser-
vational and theoretical studies support the basic
idea that the ejection rate of protostellar outflows
is (strongly) correlated to the stellar accretion rate.
Benisty et al. (2010), for example, presented an ob-
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served correlation between accretion outburst and
mass loss for an embedded Herbig Be star. Further
examples of observations of disk-jet or disk-outflow
systems around intermediate and high mass proto-
stars are given in Ellerbroek et al. (2011) and John-
ston et al. (2015). A rough sketch of the magnetic
field and velocity structure of the accretion flow and
outflow around a forming high mass star was recently
presented in Sanna et al. (2015).
High mass protostars are usually characterized by
high accretion rates and show high mass loss rates
of up to several 10−3 M yr−1 as well (Beuther et al.
2002a,b; Wu et al. 2004, 2005; Bally 2008). These
massive protostars are born in very dense environ-
ments, and their environment is characterized by com-
plex morphologies such as multiple outflows, possibly
as a result of the high degree of multiplicity among
massive stars (e.g. Zinnecker & Yorke 2007). At the
high mass stellar spectrum, ionization and radiative
forces also play a crucial role for the dynamics of their
environment. Disentangling these effects from the
MHD-driven outflow components is difficult, hence,
an observational determination of mass loss rates due
to outflows alone, i.e. without contributions from ra-
diative and mechanical feedback, remains uncertain.
Hence, whereas accretion and intrinsic outflow rates
can be determined for lower mass protostars, they are
currently inaccessible for high mass stars, i.e. the ob-
served ratios of the ejection to accretion rates are based
on very indirect measurements and are quite uncertain
for higher mass stars (see e.g. Beuther et al. 2013).
In the following, we estimate the physically inter-
esting range of the ratio of ejection to accretion rates
based on observations from low and intermediate mass
stars. Hartigan et al. (1995) give a mean ratio of ejec-
tion to accretion rates of roughly 1% for low mass clas-
sical T Tauri stars (but the accretion and ejection rates
vary by about two orders of magnitude and their ratio
can be significantly higher than 1%). More recently, a
typical value quoted for the ejection to accretion ratio
of low mass classical T Tauri stars is about 10% (e.g.
Cabrit 2007; Ray et al. 2007; Frank et al. 2014, and
references therein). For intermediate mass young stars,
observed accretion rates (Calvet et al. 2004) and mass
loss rates (Agra-Amboage et al. 2009) yield ratios of
ejection to accretion rates in the wide range from 2% to
40%. Another compilation of observed ratios of ejec-
tion to accretion rates (using a variety of different tech-
niques) from low to intermediate mass stars is shown
in Ellerbroek et al. (2013), Fig. 14.
Numerical models of the MHD physics includ-
ing the disk and jet system were presented by e.g.
Tomisaka (2001) and Sheikhnezami et al. (2012) and
their calculated ratios of ejection to accretion rates
vary from 10% to even 70%. Furthermore, the ratio of
ejection to accretion rates might also influence other
jet and outflow parameters such as the collimation (see
Fendt 2009, Sect. 4.4.2), i.e. the parameters of the sub-
grid module are not fully independently of each other.
Observations also suggest a time-dependent accre-
tion and/or ejection variability, see e.g. the early text-
book example of a pulsed jet by Zinnecker et al.
(1998). This may be the result of a varying accretion
rate or a variation of the ratio of outflow to accretion
rates. Here, for simplicity and in order to reduce the
number of free parameters, we assume constant fixed
rates of ejection to accretion rates in our simulations
with values ranging from 1% up to 50%.
2.2. Collimation and large angle disk winds
In general, observed jets have wide opening an-
gles near to their sources, which are collimated on
larger scales typically of the size of their correspond-
ing accretion disks. The degree of collimation for non-
embedded classical T Tauri star outflows lies in the
range of 10◦ to 30◦ on small scales close to the launch-
ing region and collimate afterwards up to the 100 AU
scale (see e.g. the review by Ray et al. 2007, in par-
ticular Fig. 2). Numerical simulations, which focus
on the small scales of the detailed accretion launch-
ing interaction at the magnetosphere, e.g. by Fendt
(2009), support this self-collimating effect of magneto-
centrifugally launched jets. Comparing their synthetic
maps with observations of jets from young stellar ob-
jects, Stute et al. (2010) conclude that models with
launching radii between 0.1 to 1 AU match the ob-
served objects. Because the numerical size of the sink
cell radius of 10 AU used in our simulations is larger
than the typical sizes of jet-launching regions, we can-
not resolve this initial collimation. Nevertheless, the
interaction of the outflow with the infalling envelope
outside of 10 AU quickly results in a collimated mor-
phology, as presented in Fig. 1, panel c.
Beuther & Shepherd (2005) find that the opening
angle of outflows generally increase with time. This
could be due to intrinsic processes, e.g. changes to
the MHD launching, or a result of line-driven winds
(Vaidya et al. 2011). Rather than trying to model these
poorly understood intrinsic processes, we have chosen
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to keep the angular dependence of the injected material
constant during the simulation, while its absolute value
varies linearly with the accretion rate. We nonetheless
find that the outflow’s opening angle increases with
time in our simulations, due to the weakening of the in-
teraction of infalling envelope with the outflow as the
envelope becomes depleted (see the time series snap-
shots in Fig. 1 discussed in Sect. 5.4).
Observed opening angles of individual low mass
young stellar objects span a broad range from 20◦ at
early phases up to 160◦ during late phases (see Frank
et al. 2014, and references therein). Moreover, jet and
outflow observations typically show an angular depen-
dence of the velocity field consisting of a high velocity
collimated jet with decreasing velocity to the wings,
often referred to as a “wide angle (disk) wind”. To en-
able studies of the effect of distortion of the large scale
envelope by the jet as well as the impact of a large
angle disk wind or molecular outflow, we vary the
strength of the disk wind component separately from
the jet-like component described above. This variation
affects the impact of the outflow on the disk-feeding
envelope, such as envelope to disk accretion rates and
time evolution of the opening angle of the cleared po-
lar cavity.
3. The numerical model
The parameter space described above extends our
initial treatment in Paper I of the dynamical effect of
protostellar outflows on the radiative feedback phase
of super-Eddington massive stars. Other numerical pa-
rameters and the code itself were not modified. For a
detailed description of the sub-grid module for proto-
stellar outflow feedback, we refer to Paper I. The over-
all numerical framework of the star formation code, in-
cluding e.g. the self-gravity solver and the disk’s shear
viscosity prescription, is presented in Kuiper et al.
(2010a, 2011).
The general numerical algorithm of the radiation-
hydrodynamics solver is presented in Kuiper et al.
(2010b). This hybrid radiation transport scheme is
much more accurate than gray flux-limited diffusion;
its improved accuracy was shown for the case of stellar
radiative forces in bipolar cavities (Kuiper et al. 2012;
Owen et al. 2014) as well as for the temperature struc-
ture of irradiated accretion disks (Kuiper & Klessen
2013).
Stellar evolution is treated via interpolating the stel-
lar evolutionary tracks for accreting high mass stars by
Hosokawa & Omukai (2009) in terms of their depen-
dency on stellar mass and accretion rate. Simultane-
ous evolution of the (proto)star within its collapsing
environment yields variability of the accretion rates on
timescales < 5 kyr but results in a very similar long-
term evolution (Kuiper & Yorke 2013b).
Dust opacities from Laor & Draine (1993) are used;
the gas opacity is set to a constant value of κgas =
0.01 cm2 g−1. Higher values of the mean gas opac-
ity, as suggested in Malygin et al. (2014), will likely
yield additional shielding of stellar radiative feedback
(Kuiper & Yorke 2013a).
4. Initial Conditions
The initial conditions consist of a spherically sym-
metric, density-peaked (ρ ∼ r−3/2) dusty molecu-
lar core (Mcore = 100 M) at uniform temperature
(Tcore = 20 K) in axially symmetric solid body rota-
tion (Ω = 2×10−13 s−1). The radiation-hydrodynamics
is solved assuming axial and midplane symmetry. We
conduct three series of simulations to investigate the
impact of the time the protostellar outflow begins, its
ratio of ejection to accretion rates, and the strength of
the large angle disk wind component.
We first perform a “fiducial run” with the following
parameters: The outflow is started when the star at-
tains the mass Mlaunch = 8 M; the ratio of ejection to
accretion rates is held constant at fejec−acc = 20%; and
a flattening parameter value of θ0 = 0.01 is chosen to
parameterize the disk wind component. The flattening
parameter specifies the angular distribution f (θ) of the
injected outflow following Matzner & McKee (1999):
f (θ) =
{
ln (2/θ0)
[
sin2(θ) + θ20
]}−1
. (1)
This default configuration is varied in ten additional
simulations. The stellar mass at which outflow starts is
varied from Mlaunch = 2 M to 16 M. The ratio of
ejection to accretion rates is varied from fejec−acc = 1%
to 50%. The parameter fejec−acc is defined so that the
outflow mass loss rate is fejec−acc × M˙acc,d and the rate
of mass growth of the star is (1 − fejec−acc) × M˙acc,d,
where M˙acc,d is the calculated mass accreted by the
central sink. The flattening parameter, which modi-
fies the disk-wind component at large angles, is varied
from θ0 = 1/300 to 1/30.
An overview of these run-time parameters is given
in Table 1.
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Run label Mlaunch [M] fejec−acc θ0
L-2 2.0 0.2 1/100
L-4 4.0 0.2 1/100
L-8 8.0 0.2 1/100
L-16 16.0 0.2 1/100
A-0.01 8.0 0.01 1/100
A-0.1 8.0 0.1 1/100
A-0.2 8.0 0.2 1/100
A-0.3 8.0 0.3 1/100
A-0.4 8.0 0.4 1/100
A-0.5 8.0 0.5 1/100
D-30 8.0 0.2 1/30
D-100 8.0 0.2 1/100
D-300 8.0 0.2 1/300
Table 1: Overview of parameters used in the three
simulation series. The first column specifies the run
label. The three columns to the right refer to the stel-
lar mass Mlaunch at which the protostellar outflow is
first launched, the ratio of ejection to accretion rates
fejec−acc, and the strength of the disk-wind component
of the outflow in terms of the flattening parameter
θ0. Note that the labels “L-8”, “A-0.2”, and “D-100”
denote an identical configuration, meaning a singular
run, as they refer to our fiducial simulation (bold text).
5. Results
Many of the basic features common to all the sim-
ulations are shown in Fig. 1 depicting the fiducial run.
Starting from a gravity-dominated molecular core in
slow solid-body rotation, global collapse begins with
largely radial infall (Fig. 1(a)), leading to the formation
of a protostar in the central sink cell. A largely cen-
trifugally supported circumstellar accretion disk soon
forms (Fig. 1(b)), which launches a bipolar outflow
– injected via a subgrid module. Here, within the
framework of assumed axial symmetry, accretion flow
through the disk is driven by a sub-grid viscosity mod-
ule, designed to mimic the accretion naturally caused
by spiral arms within a self-gravitating circumstellar
disk (c.f. Kuiper et al. 2011). The low density cavity
above and below the disk – created by the protostel-
lar outflow – enhances the anisotropy of optical depth,
and, hence, diminishes the radiative feedback on gas
at lower latitudes via the so-called core’s flashlight ef-
fect, a feature discussed in detail in Paper I, where sim-
ulation models with and without protostellar outflow
feedback are compared.
When the stellar radiative force is comparable to
the force of gravity (M∗ ' 20 M), the low density
cavity begins to widen (Fig. 1(c)). Fig. 1(c) also re-
veals several warm regions (yellow color on the left
side of the image), where the outflow collides with am-
bient gas. Although the infall is reversed over ever
larger fractions of the volume around the symmetry
axis (Fig. 1(d)), the disk still accretes gas at high rates
from latitudes up to ≈ 40◦ above the midplane. The
red-colored region in Fig. 1(d) depicts a centrifugally
supported circumstellar disk with slow, subsonic in-
flow; the flattened green structure is both rotating and
in infall. These rotating, infalling flattened structures
represent a transition region between the gravitation-
ally dominated collapsing envelope and the centrifu-
gally supported circumstellar disk. Following Beltran
et al. (2005, 2011), who observe similar structures, we
refer to this region as the rotating torus.
At later times, feeding of the accretion disk from
large scales occurs only through the shadowed region
behind the disk (Fig. 1(e)). Fig. 1(f) shows the end of
the envelope-to-disk accretion phase. Accretion from
core to disk is lower than loss from the disk into the
star and outflow, so the disk’s mass declines. As a re-
sult, the disk becomes less opaque and its flashlight
effect weakens so that the now more nearly isotropic
radiation force halts stellar accretion and removes the
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Gas temperature (K) Gas mass density (g cm−3)
(a) 10 kyr (M∗ = 3.3 M) (b) 25 kyr (M∗ = 14.9 M)
(c) 35 kyr (M∗ = 18.9 M) (d) 50 kyr (M∗ = 21.6 M)
(e) 100 kyr (M∗ = 26.4 M) (f) 400 kyr (M∗ = 31.0 M)
Fig. 1.— Density (right) and temperature (left) distributions in the central portion of the computational zone are
shown for different evolutionary times of the fiducial run. Red arrows on the right show the direction of gas velocity.
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remnant gas mass from the stellar vicinity. For a more
detailed investigation of the disk’s flashlight effect,
which allows a forming massive star to circumvent the
so-called radiation pressure barrier, we refer the in-
terested reader to Kuiper et al. (2010a). We stop the
simulations when almost no gas remains in the com-
putational domain; it has either been accreted onto the
central star or blown away by the outflow and radia-
tive forces. These simulations cover the full accretion
and feedback phases of the forming massive star over
timescales of ' 500 kyr, corresponding to 10 free-fall
times of the parent core.
In the following, we first address each of the sim-
ulation series performed – corresponding to the vari-
ation of a single parameter of the underlying outflow
properties – in independent sections. We then discuss
the broadening of the outflow cavities in time for all
simulations performed in a separate section.
5.1. Launching the Outflow – Mlaunch Dependence
Protostellar outflows are assumed to be launched
once the magneto-centrifugal acceleration overcomes
the gravitational attraction by the protostar. Both
forces – magnetic and centrifugal – will strongly in-
crease with the formation of an accretion disk. It is
still a matter of debate, even in the field of low mass
star formation, whether a) the wind-up of the large
scale magnetic field after the formation of a differen-
tially rotating accretion disk results in the launching
of a protostellar outflow, or b) the magnetic fields sup-
press the early formation of circumstellar disks by effi-
ciently transporting angular momentum to larger radii,
see Frank et al. (2014) and references therein.
Two simulations are performed starting the outflow
before disk formation, one simulation with a protostel-
lar outflow forming shortly after disk formation (the
“fiducial run”), and a fourth simulation with a rela-
tively late launching, but still before the onset of strong
radiation pressure feedback. The most important result
of this simulation series is: The resulting stellar mass
is almost completely independent of when the outflow
starts. The differences among the individual simula-
tions to the mean final value of M∗ = 31.25 M are
below 1%.
Fig. 2 displays the resulting accretion histories. In
each case, the launching of the protostellar outflow im-
mediately lowers the accretion rate. The total momen-
tum injected into the surroundings is larger for cases of
earlier protostellar outflows. However, once radiative
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Fig. 2.— Accretion rate as a function of stel-
lar mass for four different values of the stellar mass
Mlaunch at which the outflow is launched. The red, or-
ange, green, and blue curves correspond to Mlaunch =
2, 4, 8, and 16 M, i.e. cases L2, L4, L8, and L16, re-
spectively. Because of the fact that these lines would
otherwise simply overlap each other, we shifted the re-
sulting lines by one order of magnitude in accretion
rate with respect to each other (as labeled). Vertical
lines show the different launching points in time.
feedback of the forming star becomes important, the
bipolar dynamics are dominated by radiative forces.
The runs with earlier outflows have somewhat higher
accretion rates during the phase 17 ≤ M∗/ M ≤ 21.
The net result is a virtually unchanged final stellar
mass. We conclude that, unless the protostellar out-
flow is launched into the medium after the onset of
strong radiation pressure (at about M∗ ' 20 − 30 M),
the outflow turn-on time has little effect on the final
stellar mass.
Other important details can be discerned from
Fig. 2. When the infalling material hits its centrifugal
barrier, i.e. when centrifugal forces balance gravity,
the infall halts for this parcel of gas. Further signif-
icant growth of the stellar mass is enabled by accre-
tion stresses which extract angular momentum from
the orbiting material, either transferring it radially to
the outer disk, or expelling it vertically into an out-
flow. These accretion torques in massive disks come
from self-gravity-induced spiral arms. Such non-
axisymmetric features are not treated in our 2D cal-
culations, so we mimic the arms’ effect using a shear
viscosity subgrid model. In Kuiper et al. (2011) we
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compared accretion rates from such 2D calculations
against those from a 3D calculation of disk formation,
finding reasonably good agreement in the mean ac-
cretion rate for large ratios of the stress to pressure,
α = 0.3 . . . 1. We here set α to 1. Note that our out-
flow is non-rotating, and removes no orbital angular
momentum.
As the infall proceeds, material with increasing spe-
cific angular momentum is stopped at ever larger radii.
In our simulations, the accretion disk first appears once
the centrifugal barrier radius exceeds the inner radius
of the calculation, which occurs when M∗ ≈ 7 M
here. This occurrence is accompanied by a marked
dip in the accretion rate for the two cases of post-
disk outflow launching. When the protostellar outflow
launches before disk formation, the interaction of the
outflow with high velocity infall causes oscillations of
the accretion rate, which result from the positive feed-
back loop of how accretion depends on outflow and
vice versa. Other oscillations in the accretion rate oc-
cur when the infall rate reaches its local maximum at
M∗ = 10 − 12 M, again due to the positive feedback
loop of the outflow interacting with inflow for the cases
that have both disks and outflows.
Because the final stellar mass is virtually indepen-
dent of the outflow launching time, we fix this param-
eter for our further studies. We chose M∗ = 8 M,
i.e. at a point in time shortly after the disk has started
to form at the inner rim of the computational domain;
this choice is based on the implicit assumption that
protostellar outflows are launched by wound-up mag-
netic fields at the inner rim of the accretion disk soon
after its formation.
5.2. Ratio of Ejection to Accretion Rates – fejec−acc
Dependence
It is currently unclear how much of the accretion
flow onto the disk is ultimately diverted into a pro-
tostellar outflow, and how the mass transfer depends
on system parameters. Most likely, the ratio fejec−acc
of ejection to accretion rates will depend on several
environmental properties, such as the magnetic field
strength, the degree of ionization, and the accretion
rate, itself.
Treating fejec−acc as a free parameter, we examine its
impact by varying it from 1% up to 50%, which should
fully cover the physically most reasonable regime. The
resulting stellar accretion histories of the individual
simulation runs are compared in Fig. 3. We find that
� �� �� �� �� ��
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Fig. 3.— Stellar accretion rate as a function of stellar
mass for six values of fejec−acc, the ratio of ejection to
accretion rates. From right to left, i.e. from black to red
to orange to green to blue to purple, the curves denote
the results for fejec−acc = 1, 10, 20, 30, 40, and 50%, re-
spectively.
varying fejec−acc impacts the final stellar mass in three
ways: reduction of the stellar accretion rate, entrain-
ment of envelope material, and a modified impact of
radiative feedback.
Whereas one can easily calculate the reduction of
stellar mass growth due to the diversion of part of the
inflow into outflow, attributing the remaining differ-
ences to either entrainment or radiative feedback is
less straightforward. Qualitatively, one expects en-
trainment to increase with the strength of the proto-
stellar outflow by removing mass from the stellar en-
vironment, which otherwise would be accreted by the
protostar. Reduced stellar mass growth, on the other
hand, implies a lower luminosity and reduced radiative
feedback.
An advantage of the long evolution simulations
is that the net feedback can be determined quantita-
tively. We stop the simulations when the mass in the
computational domain is close to zero, i.e. the initial
mass of the core (here: Mres = 100 M) has either
been accreted by the star (integrated mass flux through
the inner radial boundary at 10 AU) or has been ex-
pelled by feedback (integrated flux across the outer ra-
dial boundary of the computational domain at 0.1 pc).
More simply, the total mass loss due to feedback is
simply the difference of the initial core mass and the
final stellar mass: ∆Mfeedback = Mres − Mfinal∗ .
The net feedback efficiency can be further differen-
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Run label fejec−acc [%] SFE [%] ∆Mejec/Mres [%] (∆Mentr + ∆Mrad)/Mres [%] ∆Mfeedback/Mres [%]
A-0.01 1 48.8 0.4 50.8 51.2
A-0.1 10 36.1 3.1 60.8 63.9
A-0.2 20 31.2 5.8 63.0 68.8
A-0.3 30 27.9 8.5 63.6 72.1
A-0.4 40 25.5 11.7 62.8 74.5
A-0.5 50 21.6 13.6 64.8 78.4
Table 2: Overview of star formation (SFE) and feedback efficiencies as function of the ratio of ejection to accretion
rate fejec−acc of the protostellar outflows.
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Fig. 4.— Star formation (red) and feedback efficien-
cies (black) as function of the ratio of ejection to ac-
cretion rates fejec−acc of the protostellar outflows. The
feedback is separated into the components: ejected
outflow mass (lowermost dashed line), the combina-
tion of entrainment plus radiative mass loss of the envi-
ronment (dotted line), the maximum level of potential
entrainment (gray shaded region), and the net impact
(uppermost dot-dashed line).
tiated into the three individual feedback components:
∆Mfeedback = ∆Mejec + ∆Mentr + ∆Mrad. The first term
relates to the mass ejected from the star-disk system by
the jet and outflow, the second to the entrained mass in
the envelope, and the last to the radiative mass loss of
the reservoir. The overall trend of the star formation
efficiency and the individual feedback components is
summarized in Table 2 and shown in Fig. 4.
The mass ejected by the star-disk system can be
computed from the final stellar mass Mfinal∗ , the launch-
ing point of the outflow Mlaunch, and its ejection to
accretion ratio fejec−acc: ∆Mejec =
(
Mfinal∗ − Mlaunch
)
×
fejec−acc/(1− fejec−acc). In the simulation series of vary-
ing fejec−acc, we used Mlaunch = 8 M. As expected, the
ejected mass increases (almost linearly) with fejec−acc.
The mass loss due to entrainment and radiative
feedback can be determined as the remaining differ-
ence to the total feedback effect: ∆Mentr + ∆Mrad =
∆Mfeedback − ∆Mejec. Although these two components
cannot clearly be distinguished quantitatively from the
simulation data, we can estimate their relative impor-
tance due to the momentum conservation of the out-
flowing material: On average, the jet and outflow ma-
terial is injected into the computational domain with
three times the escape velocity. This means that the en-
trained mass cannot be higher than three times the in-
jected outflow mass, assuming that the entrained mass
is at rest and close to the launching point. Because the
entrained mass will be gravitationally infalling prior
to its entrainment, the factor three clearly denotes an
upper limit. This maximum level of entrainment is
shown as a gray shaded region in Fig. 4. The net
mass loss is much higher than three times the injected
mass, hence, the strongest feedback component for
these super-Eddington stars results from their stellar
radiation.
Another geometrical argument could be used to es-
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timate an upper limit of the entrainment: For an as-
sumed outflow range of less than 30◦, measured from
the symmetry axis to the cavity wall, the mass initially
contained in this region is only 13 M. For even the
strongest outflow ( fejec−acc = 50%), the radiative mass
loss is still four times larger than the loss due to en-
trainment.
Of course, these estimates are only useful for the
super-Eddington stellar mass range covered in these
simulations. For lower mass stars in the sub-Eddington
regime (M∗ << 20 M), radiative forces will become
less important.
As a general trend, entrainment should become
more effective for higher ratios fejec−acc of ejection to
accretion rates. However, since higher values of this
parameter result in less massive stars, which in turn
decreases the radiative feedback, it is difficult to dis-
tinguish quantitatively between the impact of the two
effects. Overall, entrainment plus radiation feedback
increases slightly with higher fejec−acc, but the net im-
pact levels off for high values to slightly more than
60%; the mass loss in the most reasonable regime of
outflow strengths ( fejec−acc ≥ 20%) is roughly constant
to first order, allowing only up to 40% of the core mass
to enter the star plus disk system. The final stellar mass
then depends on how much of this mass is redirected
to the jet and outflow.
Although the optically thin outflow cavity di-
minishes the radiative feedback (c.f. Paper I), this
influence is clearly superimposed on by the much
stronger effect of redirected accretion and entrain-
ment. Whereas the core-scale feedback (entrainment
and radiative feedback) up to 0.1 pc clearly dominates
the total feedback efficiency, the disk-scale feedback
(redirection of accretion into outflow) determines the
final stellar mass. In the case of the strongest outflows
( fejec−acc = 50%), the star formation efficiency drops
to only 22%.
5.3. Wide-angle Disk Winds – θ0 Dependence
The jets, outflows, and winds occurring during
early phases of star formation are often separated
into a fast, highly collimated component and a slow
wide-angle component. The fast jet-like component
prevents accretion from polar directions while creat-
ing large low density cavities, which alter the radia-
tive force feedback during later epochs of evolution
(c.f. Paper I). The slow wide-angle component can-
not prevent accretion close to the disk’s high den-
sity midplane due to its insufficient momentum, but
– depending on its actual strength – it could affect
the disk’s atmosphere and the gas at intermediate lati-
tudes. Here, we investigate the impact of such a disk
wind by varying the strength of the slow, large-angle
component of the outflow subgrid-model in three sim-
ulations, i.e. we change the flattening parameter from
θ0 = 1/30, 1/100, to 1/300 (see Fig. 5). The fast out-
� π/� π/� �π/� π/���-�
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Fig. 5.— Angular distribution of the momentum flow
rate of the protostellar outflow as function of the po-
lar angle with respect to the outflow axis for the three
different values of the flattening parameter: θ0 = 1/30
(red), 1/100 (green), and 1/300 (purple).
flow component close to the poles remains the same
in the three runs, but the momentum of the wide-angle
disk wind component varies by a factor of 1.6 from the
weakest to the strongest case.
The resulting accretion histories of the three sim-
ulation runs are shown in Fig. 6, upper panel. The
lower panel of Fig. 6 displays the mass loss of the
star+disk+envelope system due to protostellar out-
flow and radiative feedback (measured as mass flow
through the domain’s outer boundary). The accretion
histories of the three runs are virtually identical up to
about M∗ = 20 M. After that, the star accretes less in
the presence of stronger disk wind components. Mass
loss from the star+disk+envelope system for the three
simulations begins to deviate after M∗ = 16 M, re-
sulting in higher mass loss for stronger winds, as ex-
pected. Compared to the fiducial simulation, the star
gains 2 M (+6%) more with the weaker disk wind
and 1.7 M less (-6%) for the case of the stronger disk
wind.
The wide-angle component of the disk wind re-
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Fig. 6.— Stellar accretion rate (upper panel) and mass
loss of the star+disk+envelope system (lower panel) as
a function of stellar mass for three different strengths
of the wide-angle wind component using the same
color scheme as in Fig. 5. Fig. 7.— Comparison of gas density distributions for
the cases of strong (upper half z > 0 of each frame)
and weak (lower half z < 0) wide-angle disk winds at
an evolutionary age 50 kyr (M∗ = 20 M). The up-
per panel shows the inner (6000 AU)2 and the lower
panel shows the larger (20000 AU)2 region around the
forming star.
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duces the amount of material accreted onto the disk
due to entrainment of intermediate-density gas. Fig. 7
shows the density structure of the strongest and the
weakest disk wind simulations at 50 kyr (M∗ =
20 M), i.e. after the mass loss deviates, but before no-
ticeable differences in the stellar accretion occur. The
morphologies and dynamics of the three simulation
runs are very similar at this time. The accretion disk
(flattened red structure in Fig. 7) is hardly affected by
the strength of the wide-angle wind component, but the
gas available for accretion onto the disk (green region)
is slightly shifted outward for the stronger wide-angle
wind. Somewhat later, the disks’ evolution do differ
due to the differences in large scale feeding.
We conclude that in cases of stronger disk winds,
increased mass loss of the envelope due to entrain-
ment eventually results in correspondingly lower stel-
lar masses. Both components of protostellar outflows,
the fast, narrowly collimated jet and the wide-angle
disk wind, affect the final evolution of the envelope,
the accretion disk, and the protostar itself.
5.4. Outflow broadening in time
In this section, we discuss how the opening angle
of the outflow is affected by our three outflow charac-
terization parameters. Because we have restricted our-
selves to a specific parameterization of the outflow’s
launching characteristics, which are kept constant over
time, we cannot determine how outflow cavities may
evolve due to physical changes of the launching pro-
cess. With this caveat in mind, we shall now con-
sider the evolution of the immediate stellar environ-
ment. Specifically, we look at how the outflow cav-
ity forms and then broadens due to radiation pressure
feedback and the decreasing optical depth of the disk
and remnant envelope.
As visualized in Fig. 1, the opening angles in the
simulations depend on the distance to the (proto)star.
To allow for a quantitative comparison of the differ-
ent simulation runs, we focus on the time dependency
of the opening angle only and define a mean opening
angle θ+
θ+ =
1
Rmax − Rmin
∫ Rmax
Rmin
θ+ dr , (2)
where θ+(r) is the maximum angle of a component
with positive radial velocity within the shell [r, r+ dr].
Rmin and Rmax represent the inner and outer boundaries
of the computational domain at 10 AU and 0.1 pc, re-
spectively. Angles are measured from the symmetry
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Fig. 8.— Mean opening angle θ+ of the outflow cav-
ities as function of time. The upper panel shows the
dependence on the ratio of ejection to accretion rates
fejec−acc using the same color scheme as in Fig. 3. The
middle panel shows the dependence on the strength
of the large angle disk wind components parameter-
ized by θ0 using the same color scheme as in Fig. 5.
The bottom panel shows what we denote as the “main-
stream of outflow broadening” (see text) and includes
curves from the upper two panels selected for their
similar shapes.
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axis, i.e. a spherical wind corresponds to an opening
angle of 90◦.
Fig. 8 shows the outcome of this analysis for the
simulation series of varying ejection to accretion ratios
(upper panel), varying strength of the large angle disk
wind component (middle panel), and a summary of all
simulation runs (lower panel), which fall in a category
that we deem “mainstream”. The mainstream category
includes all simulations that have a similar evolution of
θ+(t), i.e. all cases except A-0.01, A-0.1, and D-300.
These exceptions have the weakest outflows.
During the early evolution (< 25 kyr), the outflow’s
opening angle does vary somewhat with the choice of
Mlaunch and fejec−acc, but remains below 15◦−20◦. With
the onset of strong radiation pressure, the opening an-
gle quickly widens up to about 65◦. This process takes
place well within the first free-fall time of the initial
core. Subsequently, the mass in the stellar vicinity
continuously declines due to accretion onto the proto-
star and mass loss by feedback. As a result, the mean
opening angle increases further, limiting infall and ac-
cretion to within the solid angle of the circumstellar
disk (Fig. 1).
At first, the opening angle of the outflow is fairly
independent of the outflow configuration. After 0.75
free-fall times (≈ 40 kyr), θ+ begins to depend on the
choice of outflow parameters; higher ratios of ejec-
tion to accretion rates yield broader outflows. After
1.5 free-fall times (≈ 80 kyr) the strength of the large
angle disk wind starts to influence the mean opening
angle. For the weakest case (D-300) the wide-angle
disk wind removes little of the disk’s atmosphere and
the mean opening angle begins to decrease. Simi-
larly, an extremely low ratio of ejection to accretion
rates fejec−acc ≤ 0.1 allows the mean opening angle
to decrease after a little more than 1 free-fall time
(52.4 kyr). By contrast, all medium and strong outflow
cases appear to be quite similar. Stronger disk wind
components or larger values of fejec−acc lead to clear-
ing of the large angle regime between 70◦ and 85◦.
6. Summary
Following our study of protostellar outflow and ra-
diative force feedback from massive (proto)stars in Pa-
per I, we performed three series of parameter studies to
investigate the impact of the time when the outflow is
launched, the ratio of ejection to accretion rates, and
the strength of the large angle disk wind component
on the evolution of the star, its accretion disk, and large
scale environment. We focussed on the feedback effi-
ciency, the stellar accretion rate, and the final stellar
mass.
We find that in the high mass star formation regime,
where the accretion is super-Eddington, the total feed-
back efficiency in terms of mass loss from the imme-
diate stellar vicinity is dominated by radiative forces.
Varying e.g. the launching time of the protostellar out-
flow over reasonable values does not affect the final
mass of the forming star. Even simulation runs with
protostellar outflows injected well before and well af-
ter the formation of a circumstellar disk show devia-
tions of the final stellar mass below 1%.
The final stellar mass is affected by the ratio of
ejection to accretion rates, which impacts the evolu-
tion of the accretion-outflow system in three ways.
First, a greater re-direction of the accretion flow into
an outflow directly implies a lower stellar accretion
rate. Second, a stronger protostellar outflow is able to
entrain more mass from the protostellar environment.
Third, the formation of a low density cavity alters the
radiative feedback on both disk and core scales (c.f.
Paper I). A quantitative comparison of the efficiencies
of the individual feedback components and the result-
ing final stellar masses in simulations with different ra-
tios of ejection to accretion rates reveals a fairly con-
stant impact of the sum of radiative forces and entrain-
ment independent of the ejection to accretion ratio in
the regime of fejec−acc ≥ 20%. The ejected outflow
mass increases roughly linearly toward higher ratios
of ejection to accretion rates. The latter outcome im-
plies that the efficiency of the large scale accretion flow
from core to disk is only marginally influenced by the
outflow. The fact that the sum of radiative feedback
and entrainment remains fairly constant for the higher
values of the ratio of ejection to accretion rates implies
that the decrease of radiative feedback (due to the for-
mation of lower mass stars) is compensated by the in-
creased entrainment of the core material.
Increasing the strength of the large angle disk wind
component adds to the entrainment as it impacts the
intermediate density gas at mid-latitudes between the
low density outflow cavity and the high density ac-
cretion disk. Quantitatively, with changing the rela-
tive mass flow of the large angle disk wind by +30% /
−17% results in a ±6% change of the final stellar mass.
The high mass protostars considered in this work
fall in the final stellar mass range of M∗ = 20 . . . 50 M.
For these protostars, radiative forces are the domi-
nant feedback mechanism. Bipolar cavities carved by
15
protostellar outflows diminish the radiative feedback
efficiency due to the “core’s flashlight effect” (c.f. Pa-
per I). Varying the outflows as we do here does not
change this general conclusion. The new results sum-
marized above show that the total feedback efficiency
also depends on the strength of the protostellar jet and
outflow, both in terms of the ratio of ejection to ac-
cretion rates and the strength of the large angle disk
wind component. While the reduction of the large
scale radiative acceleration by the core’s flashlight ef-
fect is quantitatively about 5% (see Paper I), the in-
creased mechanical feedback due to re-direction of the
disk-to-star accretion flow and the entrainment of the
larger-scale environment can be much stronger in the
regime of reasonably strong outflows (ratios of ejec-
tion to accretion rates of more than 10%).
Comparing the observed stellar initial mass func-
tion (IMF) and the core initial mass function suggests
a core-to-star efficiency of about 30%, especially in the
case of low mass star formation. In our study – fo-
cussing on the high mass end of the IMF – we find
core-to-star efficiencies of 30% for values of the ratio
of ejection to accretion rates of 20-30%. For a much
higher ratio of ejection to accretion rates of 50%, the
core-to-star efficiency is as low as 20%.
The opening angle of the bipolar outflow cavity re-
mains below 15◦ − 20◦ during the early protostellar
phase and then quickly opens up to 65◦ at the onset
of radiation pressure feedback. In the case of reason-
ably high ratios of ejection to accretion rates greater
than 20% and large angle disk winds that are not too
weak, the outflow opening angle increases further with
time. After two free-fall times of the initial core, the
outflow opening has expanded up to 85◦, limiting the
large scale accretion flow to the shadowed regions of
the circumstellar disk.
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